In vitro reconstitution of SV40 particles that are composed of VP1/2/3 capsid proteins and nucleosomal DNA and direct efficient gene transfer  by Enomoto, Teruya et al.
Virology 420 (2011) 1–9
Contents lists available at SciVerse ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r .com/ locate /yv i roIn vitro reconstitution of SV40 particles that are composed of VP1/2/3 capsid proteins
and nucleosomal DNA and direct efﬁcient gene transfer
Teruya Enomoto a, Iwao Kukimoto c, Masa-aki Kawano d, Yuki Yamaguchi a,
Arnold J. Berk e,f, Hiroshi Handa a,b,⁎
a Graduate School of Bioscience and Biotechnology, Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama, Kanagawa 226-8501, Japan
b Solutions Research Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama, Kanagawa 226-8501, Japan
c Pathogen Genomics Center, National Institute of Infectious Diseases, 4-7-1 Musashi-murayama, Tokyo 208-0011, Japan
d Department of Molecular Biology, School of Medicine, Saitama Medical University, 38 Morohongo, Moroyama, Irumagun, Saitama 350-0495, Japan
e Molecular Biology Institute, University of California, Los Angeles, CA 90095, USA
f Department of Microbiology, Immunology, and Molecular Genetics, University of California, Los Angeles, CA 90095, USA⁎ Corresponding author at: Graduate School of Biosc
Solutions Research Laboratory, Tokyo Institute of Tec
Midori-ku, Yokohama, Kanagawa 226-8503, Japan. Fax:
E-mail address: handa.h.aa@m.titech.ac.jp (H. Handa
0042-6822/$ – see front matter © 2011 Elsevier Inc. All
doi:10.1016/j.virol.2011.08.014a b s t r a c ta r t i c l e i n f oArticle history:
Received 5 May 2011
Returned to author for revision 13 June 2011
Accepted 19 August 2011





Minor capsid proteins VP2/3
Hyper-acetylated histone
Gene transfer
Gene expressionSV40 is comprised of the viral minichromosome and the capsid proteins VP1, VP2, and VP3. Complete reconsti-
tution of SV40 virions in vitro remains a challenge. Here we describe in vitro reconstitution of SV40 particles that
contain ~5-kb circular nucleosomal DNAwith hyperacetylated histones and are encapsidated in a coat composed
of VP1, VP2, and VP3, closely mimicking the characteristics of authentic SV40 virions. When inoculated into
mammalian cells, VP1/2/3 particles containing nucleosomal DNA carrying a reporter gene yielded a signiﬁcantly
higher level of gene expression than VP1-only particles containing the corresponding naked DNA. The elevated
gene expression resulted mainly from enhanced association of the particles with the cell surface and from facil-
itation of subsequent uptake into cells. Thus, the in vitro reconstitution system reported here should be useful for
the elucidation of Polyomaviridae assembly mechanisms and for the development of novel carriers for gene
delivery.ience and Biotechnology, and
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Simian virus 40 (SV40), a member of the Polyomaviridae family, is a
small non-enveloped virus that is composed of circular 5.2-kb genomic
DNA and the capsid proteins VP1, VP2, and VP3. The viral genome is or-
ganized into a minichromosome with core histones that are highly acet-
ylated compared to bulk histones, which is a common characteristic of
SV40 and polyomavirus (Chestier and Yaniv, 1979; Dahl et al., 2007).
The viral minichromosome is encapsulated into the capsid composed of
72 pentamers of the major capsid protein VP1 and 72 molecules of the
minor capsid proteins VP2 or VP3 (Liddington et al., 1991; Stehle et al.,
1996), each VP2 or VP3 molecule being tightly attached to an inward-
facing cavity of a VP1 pentamer (Barouch and Harrison, 1994; Chen et
al., 1998; Gharakhanian et al., 1988). Due to its simplicity, SV40 is consid-
ered as an excellent model for the study of virion assembly.The mechanisms of viral assembly and viral genome encapsida-
tion have been studied by genetic and biochemical analyses. Associ-
ation of the capsid proteins with the viral minichromosome is
thought to facilitate capsid assembly, as detailed below. Moreover,
cellular factors have also been implicated in viral assembly. For ex-
ample, Hsp70 is thought to mediate viral assembly by binding to
VP1 and functioning as a chaperone to mediate assembly of VP1 pen-
tamers and their interaction with other components of the virion
during assembly (Chromy et al., 2003). Moreover, the SV40 large T
antigen is known to bind to and stimulate Hsp70 (Chromy et al.,
2003). As to the mechanisms of selective encapsidation of the viral
genome, it has been shown that the mammalian transcription factor
Sp1 binds to the SV40 encapsidation signal called ses and recruits the
capsid proteins to the viral minichromosome (Dalyot-Herman et al.,
1996; Oppenheim et al., 1992).
A deﬁned system for virus-like particle (VLP) assembly/disassem-
bly has been established for Polyomaviridae. When expressed in insect
cells, VP1 is self-assembled into 45-nm VLPs (Kosukegawa et al.,
1996). VLPs can be disassembled into VP1 pentamers by the addition
of DTT and EGTA (Brady et al., 1977; Kosukegawa et al., 1996), and
VP1 pentamers can then be self-assembled into VLPs under appropri-
ate conditions (Salunke et al., 1986). In vitro, Hsp70, the minor capsid
proteins VP2/VP3, and DNA independently promote the assembly of
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et al., 2006; Tsukamoto et al., 2007). Although DNA promotes VLP as-
sembly, DNA of only up to 2 kb is packaged into particles (Braun et al.,
1999; Tsukamoto et al., 2007), and moreover, infectivity of the result-
ing particles is very low compared to wild-type SV40 assembled in
vivo (this study). In another study (Mukherjee et al., 2007), ~5-kb
DNA was packaged into VP1-VLPs in vitro in the presence of nuclear
extract, but infectivity of the resulting particles was very low, sug-
gesting that the presence of nuclear factors facilitates the packaging
of DNA equivalent in length to the SV40 genome, but is not sufﬁcient
for the assembly of infectious virus particles.
The goal of our study is to elucidate factors required for the assem-
bly of infectious SV40 virions using the in vitro assembly system and
to understand the molecular mechanisms involved. Here we have fo-
cused on core histones, their acetylation, and VP2/3 to reconstitute
SV40 virions in vitro. We show that nucleosome formation enables a
DNA molecule of up to 5.2 kb to be encapsulated into VLPs, and that
the resulting particles have a higher transducing activity than those
assembled with naked DNA. Moreover, as determined by immunoﬂu-
orescence microscopy, the endocytosis pathway of the VLPs is indis-
tinguishable from that of wild-type SV40 virions.
Results
Nucleosomal compaction enables encapsidation of 5.2-kb DNA into VP1-
VLPs
Using the in vitro assembly/disassembly system of VP1-VLPs, we
explored whether nucleosomal DNA is packaged into VP1-VLPs. A
4.7-kb supercoiled DNA was organized into nucleosomal DNA by
the salt dialysis method using core histones puriﬁed from HeLa
cells. The formation of chromatin was revealed by a DNA ladder
with ~150-bp spacing following MNase digestion (Fig. 1A). The nu-
cleosomal DNA or the equivalent ‘naked’ DNA was mixed with puri-
ﬁed VP1 pentamers and was dialyzed against a physiological buffer
using conditions in which VP1 pentamers were assembled into spher-
ical VLPs only in the presence of DNA (Tsukamoto et al., 2007). Elec-
tron microscopic observation suggested that the two types of DNA
similarly facilitated the formation of ~45-nm particles (Fig. 1B). Nota-
bly, however, the VLPs formed with naked DNA absorbed stain into
the interior of the particles, while the VLPs assembled with chromatin
did not, raising the possibility that nucleosomal DNA is more efﬁ-
ciently packaged into the VLPs than naked DNA (Fig. 1B).
To examine this issue, we treated the in vitro assembled VLPs with
DNase I and analyzed the resulting DNA by agarose gel electrophore-
sis. As reported previously (Tsukamoto et al., 2007), DNase I treat-
ment of the assembly products converted naked DNA to fragments
of less than 2 kb (Fig. 1C), suggesting that the naked DNA was only
partially packaged into VP1-VLPs. On the other hand, nucleosomal
DNA was largely protected from DNase I digestion, indicating that
the nucleosomal DNA was fully packaged into VP1-VLPs.
Under the assembly conditions employed, not only VP1-VLPs
(T=7) but also small particles (T=1) and aggregates are known to
be generated (Tsukamoto et al., 2007). To address whether the
T=7 particles are responsible for DNA packaging, we sedimented
the in vitro assembled VLPs through a sucrose gradient by ultracentri-
fugation. As a sedimentation control, VP1-VLPs directly prepared
from Sf9 cells overexpressing VP1, without dissociation into penta-
mers and subsequent reconstitution, were also analyzed. VP1 penta-
mers, small particles (T=1), VP1-VLPs (T=7), and aggregates were
recovered from fractions 1, 3, 7 to 9, and 12, respectively (Fig. 1D,
top left panel). Nucleosomal DNA co-sedimented predominantly
with T=7 particles, and DNase I treatment prior to centrifugation
had little effect on the sedimentation proﬁle (right panels). In con-
trast, when VLPs containing naked DNA were analyzed similarly, a
peak of VP1 was found at fractions 3 to 5, and DNA co-sedimentedwith this more slowly sedimenting peak (left panels). Prior DNase I
treatment resulted in the disappearance of this slowly sedimenting
peak and instead generated ~1.8-kb fragments that co-sedimented
with T=7 particles. It is therefore likely that the VP1/DNA peak
found in the absence of DNase I represented the T=7 particles that
encapsidated naked DNA only partly, and that DNA outside of T=7
particles caused a decrease in sedimentation velocity. In any case,
the above results demonstrated that only nucleosomal DNA is fully
encapsidated into T=7 particles.
Next, to determine the maximum length of DNA packaged into
VP1-VLPs, various lengths of circular DNAs (5.1 to 7.7 kb) were orga-
nized into chromatin (Fig. 1E) and were subjected to in vitro assembly
reactions with VP1. The maximum length of DNA protected from
DNase I was found to be 5.2 kb (Fig. 1F), indicating that nucleosomal
compaction allows complete packaging of circular DNA up to the
length of the SV40 genome.
VP1-VLPs containing nucleosomal DNA exhibit higher transducing activ-
ity than those containing naked DNA
To assess the gene transducing activity of VP1-VLPs, we encapsi-
dated naked or nucleosomal DNA of 4.4 kb carrying the luciferase re-
porter gene and an SV40 origin into VP1-VLPs (Fig. 2A). The resulting
particles were incubated with COS-1 cells for 24 h and luciferase ac-
tivity was measured. While luciferase activity produced by VP1-
VLPs containing the naked reporter plasmid was close to the back-
ground level, VP1-VLPs containing the nucleosomal reporter plasmid
generated signiﬁcantly higher luciferase activity (Fig. 2B).
Next, to understand why the expression levels were different be-
tween VP1-VLPs containing naked and nucleosomal DNA, we ana-
lyzed the efﬁciency of cell attachment and internalization of VP1-
VLPs as follows. First, COS-1 cells were incubated with VP1-VLPs at
4 °C for 1 h to allow attachment of the VLPs to cell surface receptors.
The cells were further incubated at 37 °C for 4 h, where indicated, to
allow internalization of the VLPs into the cells and were then har-
vested for immunoblotting with or without prior treatment with
trypsin (Fig. 2C). Trypsin-sensitive VP1 is thought to represent parti-
cles attached to the cell surface, whereas trypsin-resistant VP1 is
thought to represent particles internalized into COS-1 cells. Based
on densitometric analysis, the ratios of ‘trypsin (−)’ to ‘input’ signals
and of ‘trypsin (+)’ to ‘trypsin (−)’ signals were determined as the
efﬁciencies of cell attachment and internalization, respectively. The
term ‘internalization efﬁciency’ here represents the efﬁciency by
which VP1 molecules that successfully bind to the cell surface are in-
ternalized. Without prior DNase I treatment, VP1-VLPs assembled
with nucleosomal DNA underwent cell attachment (Fig. 2C, compare
lanes 17 and 18) more efﬁciently than those assembled with naked
DNA. Interestingly, DNase I treatment increased trypsin-resistant
VP1 (compare lanes 18 and 20), suggesting that cell attachment was
impaired by DNA extruding from the VLPs. On the other hand, densi-
tometric analysis indicated that internalization efﬁciency was compa-
rable among the particles examined, implying that naked DNA
protruding from the VLPs inhibits transduction speciﬁcally at the
cell attachment step.
Hyper-acetylation of histones within VP1-VLPs leads to enhanced report-
er gene expression
Since core histones present in native SV40 virions are highly acety-
lated compared to bulk histones (Chestier and Yaniv, 1979; Coca-
Prados et al., 1980), we investigated whether the acetylation status of
histones within VP1-VLPs has any inﬂuence on reporter gene expres-
sion. For this purpose, hyper-acetylated histones were puriﬁed from
HeLa cells treated with TSA, an inhibitor of histone deacetylases
(Yoshida et al., 1990) (Fig. 3A), andwere used to organize the luciferase
reporter plasmid into chromatin by the salt dialysis method (Fig. 3B).
Fig. 1. Nucleosomal compaction enables encapsidation of 5.2-kb DNA into VP1-VLPs. (A, E) Nucleosomal DNA was organized by salt dialysis with puriﬁed core histones and super-
coiled plasmid DNA of 4.7 kb (A) or of 5.1, 5.2, 6.7, and 7.7 kb (E). Reaction products were partially digested with MNase and were analyzed by agarose gel electrophoresis with a
100-bp ladder and by SYBR Gold staining. (B) In vitro assembly reactions of VP1 pentamers with or without naked or nucleosomal 4.7-kb DNA were visualized by negative staining
using TEM. Scale bar, 100 nm. (C, F) VP1-VLPs were assembled with naked or nucleosomal (chr.) 4.7-kb DNA (C) or with nucleosomal DNA of the indicated lengths (F). Assembly
reactions were treated with DNase I where indicated, and then DNA was puriﬁed from the VLPs, separated by agarose gel electrophoresis, and visualized by SYBR Gold staining.
(D) VP1-VLPs assembled with naked (left panels) or nucleosomal (right panels) 4.7-kb DNA were treated with (lower panels) or without (upper panels) DNase I and were then
fractionated by sedimentation velocity ultracentrifugation through a 20 to 40% sucrose gradient. Each fraction was analyzed for the presence of VP1 and DNA by immunoblotting
and Southern blotting, respectively. As a sedimentation control, VP1-VLPs directly prepared from Sf9 cells overexpressing VP1, without dissociation into pentamers and subsequent
reconstitution, were also analyzed. Inp, Input; Sc, supercoiled DNA; R, relaxed DNA.
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containing hyper-acetylated histones was packaged into VP1-VLPs as
efﬁciently as the chromatin containing hypo-acetylated histones
(Fig. 3C). Hence, VP1-VLPs containing hyper- or hypo-acetylated his-
toneswere incubatedwith COS-1 cells to compare the gene transducing
activities of the particles. For comparison, recombinant SV40 virions
carrying the luciferase reporter gene substituted for the T antigen and
deleting VP2/3 genes (SV40VP1-luc) were also used (Fig. 2A). Conse-
quently, VP1-VLPs containing the hyper-acetylated histones yielded a
two-fold higher luciferase expression than those containing hypo-
acetylated histones and were comparable to the SV40VP1-luc particlesproduced in vivo (Fig. 3D). These results demonstrated that hyper-
acetylation of histones within VP1-VLPs enhances reporter gene
expression.
Minor capsid proteins VP2/3 strongly enhance the gene transducing ac-
tivity of in vitro assembled VP1-VLPs
A previous study found that VP2 and/or VP3 enhance the associa-
tion of SV40 virions with host cells and facilitate the transport of the
viral genome to the nucleus (Daniels et al., 2006). To explore whether
VP2 and VP3 affect the gene transducing activity of in vitro assembled
Fig. 2. VP1-VLPs containing nucleosomal DNA exhibit higher gene transducing activity than those containing naked DNA. (A) Genotypes of in vitro packaged pGL3-4.4 and in vivo
packaged recombinant SV40 genomes. (B) VP1-VLPs assembled with naked or nucleosomal 4.4-kb DNA carrying the luciferase gene were incubated with COS-1 cells at 1×104 cop-
ies of DNA per cell for 24 h, and then luciferase activity was measured. Data represent the mean±SD (n=3). **, pb0.01. (C) VP1-VLPs assembled with naked or nucleosomal 4.4-kb
DNA were treated with DNase I where indicated and were incubated with COS-1 cells as indicated. Cells were then treated with trypsin where indicated and were subjected to
immunoblotting.
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a physiological ratio using our in vitro assembly system. VLPs com-
posed of VP1 and either VP2 or VP3 were produced in insect cells, pu-
riﬁed, and disrupted by treatment with DTT and EGTA. The resulting
VP1 pentamers were stably associated with VP2 or VP3 (VP1/2 or
VP1/3) and were puriﬁed by gel ﬁltration on a Superdex 200 column
(Fig. 4A). Although one molecule of VP2 or VP3 is thought to bind toFig. 3. Hyper-acetylation of histones within VP1-VLPs leads to an enhanced reporter
gene expression. (A) Core histones puriﬁed from HeLa cells that were treated with or
without TSA were visualized by Coomassie blue staining (top panel) or immunoblot-
ting (bottom panels). (B) Chromatin was organized from hyper-acetylated histones
by salt dialysis and was analyzed by MNase digestion. (C) VP1-VLPs assembled with
4.4-kb naked DNA or chromatin prepared using hypo-acetylated (chr.) or hyper-
acetylated (ac-chr.) histones were treated with DNase I or left untreated. Puriﬁed
DNAs were resolved by agarose gel electrophoresis and were visualized by SYBR
Gold staining. (D) In vitro assembled VP1-VLPs or SV40VP1-luc virions were incubated
with COS-1 cells at 1×104 copies of DNA per cell for 24 h, and then luciferase activity
was measured. Data represent the mean±SD (n=3). *, pb0.05; n.s., not signiﬁcant.each VP1 pentamer in native SV40 virions, densitometric analysis of
the Coomassie-stained gel showed that the molar ratios of VP1:VP2
and VP1:VP3 are approximately 10:1 and 8:1, respectively, suggest-
ing that about a half of the puriﬁed VP1 pantamers were not associat-
ed with VP2 or VP3. Based on the ratio of VP2 to VP3 in native SV40
virions, VP1/2 and VP1/3 were mixed in the ratio of one to ﬁve and
were incubated with chromatin containing hyper-acetylated his-
tones. Electron microscopy revealed the formation of ~45-nm parti-
cles (Fig. 4B). The DNase I sensitivity assay indicated that VP1/2/3-
VLPs packaged the nucleosomal DNA, albeit less efﬁciently than
VP1-VLPs (Fig. 4C).
The gene transducing activity of VP1/2/3-VLPs was then exam-
ined. Here, various types of in vitro assembled VLPs were compared
with recombinant SV40 virions such as SV40VP1-luc and SV40-luc.
Both SV40VP1-luc and SV40-luc are deﬁcient in the T antigen gene
but carry the luciferase gene and an SV40 origin; the only difference
is that SV40-luc has the VP2/3 gene. pGL3-4.4, the DNA encapsidated
into VLPs in vitro also lacks the T antigen gene but has an SV40 origin
(Fig. 2A). The VP1/2/3-VLPs carrying the nucleosomal luciferase gene
generated 20-fold higher luciferase activity than the corresponding
VP1-VLPs in COS-1 cells at 24 h post-inoculation (Fig. 4D), demon-
strating that VP2 and VP3 greatly enhance gene transducing activity.
The VP1/2/3-VLPs containing hyper-acetylated histones produced
the highest luciferase activity among the in vitro assembled VLPs ex-
amined, although its activity was still only 2% of that generated by
SV40-luc virions (Fig. 4D).
To understand the underlying causes of the 50-fold difference in
the gene expression level between the VP1/2//3-VLPs and SV40-luc
virions, we ﬁrst examined possible intrinsic differences of the plas-
mids used. To this end, pGL3-4.4 and SV40-luc were introduced as
naked plasmids into CV-1 or COS-1 cells using a lipofection reagent,
and luciferase activity was measured at 24 h post-transfection. The
following conclusions can be drawn from Fig. 4E. First, luciferase ac-
tivity produced by these plasmids was approximately 1000-fold
higher in COS-1 cells than in CV-1 cells, indicating that both plasmids
replicate with the same efﬁciency in a T antigen-dependent manner.
Second, luciferase activity produced by SV40-luc was approximately
ﬁve times higher than that produced by pGL3-4.4, suggesting that
part of the ~50-fold difference is simply explained by the intrinsic dif-
ference between the plasmids used.
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cence microscopy using anti-luciferase antibody (Fig. 4F). Compared
to COS-1 cells infected with SV40-luc virions, a smaller fraction of
the cells inoculated with VP1/2/3-VLPs were found to express lucifer-
ase at a low level. The reason for the smaller fraction of luciferase-
positive cells could be that, in some cells, luciferase expression was
too low to be detected by immunoﬂuorescence microscopy. Regard-
less, the above ﬁnding is consistent with the idea that the gene trans-
duction efﬁciency of VP1/2/3-VLPs is substantially lower than that of
SV40-luc virions.
Next, the trypsin sensitivity assay was carried out to investigate
the effects of histone acetylation and VP2/3 on cell attachment and
internalization of VLPs and to compare VLPs and SV40 virions with re-
spect to these processes. The presence of VP2/3 was found to greatly
increase the cell attachment efﬁciency of VLPs (Fig. 4G, lanes 20 and
21). In addition, hyper-acetylation of histones also seemed to en-
hance this step slightly (lanes 20 and 22). On the other hand, densito-
metric analysis indicated that the internalization efﬁciency was not
affected by the presence of VP2/3 or hyper-acetylation of histones
(lanes 26–29), suggesting that these factors increased gene transduc-
ing efﬁciency primarily at the cell attachment step. Remarkably,
VP1/2/3-VLPs were even more efﬁcient than native SV40 virions at
the cell attachment step (lanes 23 and 24), although the subsequent
internalization step was not (lanes 29 and 30). Apparently, however,
this does not agree with the above ﬁnding that native SV40-luc vi-
rions induce ~50-fold higher reporter gene expression than
VP1/2/3-VLPs (Fig. 4D). These observations led us to the idea that dif-
ference in their reporter gene expression lies in the post-
internalization process.
After internalization of SV40 virions, the viral genome is uncoated,
transported into the nucleus, and used as a template for transcription.
In addition, T antigen-dependent DNA replication should greatly en-
hance the level of gene expression. To characterize the post-
internalization process, we carried out time-course analysis for the
amount of DNA transduced and ampliﬁed in the cell. VP1/2/3-VLPs
or SV40-luc virions were ﬁrst incubated with CV-1 or COS-1 cells for
4 h at 37 °C and then washed out. The cells were either directly har-
vested for real-time PCR analysis or further incubated for 20 or 68 h
prior to harvest. Consequently, there was little difference between
CV-1 and COS-1 cells in the intracellular DNA level at 4 h, suggesting
that DNA ampliﬁcation did not occur by this time point (Fig. 4H).
Moreover, VP1/2/3-VLPs transduced DNA more efﬁciently than SV40
virions, which is essentially consistent with the ﬁnding in Fig. 4G.
As expected, the intracellular DNA level decreased with time in CV-
1 cells, regardless of the types of the viral particles used, whereas in
COS-1 cells, the intracellular DNA level increased instead, to a much
higher degree in the case of SV40 virions. Hence, VP1/2/3-VLPs are
at least comparable to SV40 virions until the cell attachment and in-
ternalization steps but are less efﬁcient afterward, and the low DNA
ampliﬁcation efﬁciency of VP1/2/3-VLPs is a likely cause of the
lower gene expression level.
The endocytosis pathway of in vitro assembled VLPs is indistinguishable
from that of SV40 virions
SV40 is known to enter cells by associating with GM1, a receptor
of SV40 (Tsai et al., 2003), and by using an atypical endocytosis path-
way mediated by caveolae, which transport the virus to the ER, but
not to the clathrin-dependent endosomal–lysosomal compartment
(Kartenbeck et al., 1989; Norkin et al., 2002; Pelkmans et al., 2001).
To determine whether in vitro assembled VLPs employ the same en-
docytosis pathway, we monitored the translocation of VP1 by immu-
noﬂuorescence microscopy. VP1/2/3-VLPs containing hyper-
acetylated histones or wild-type SV40 virions were incubated with
CV-1 cells. After 20 min of incubation, VP1 from both particles was
detected on the cell surface and was co-localized with caveolin-1(Fig. 5). After 3 h of incubation, co-localization of VP1 with the ER
marker GRP94 was found around the perinuclear space, while there
was no co-localization between VP1 and the endosome marker
EEA1. Overall, no signiﬁcant difference in the endocytosis pathway
was observed between the VLPs and wild-type SV40 virions, suggest-
ing that the entry pathway of the VLPs is similar or identical to that of
wild-type SV40 virions.
Discussion
Here we showed using an in vitro viral assembly system that chro-
matin structure, hyper-acetylation of histones, and the minor capsid
proteins VP2/3 facilitate efﬁcient gene expression by in vitro assem-
bled VLPs. In other words, we were able to increase the transducing
activity of VLPs by reproducing some of the characteristics of native
SV40 virions. However, the highest gene expression level generated
by in vitro assembled VLPs was still only 2% of that generated by
SV40-luc virions assembled in vivo. VLPs and SV40 virions achieved
a comparable level of internalization, and their endocytosis pathway
was indistinguishable. These results suggest that their difference in
reporter gene expression lies in some post-internalization process,
such as viral disassembly, DNA transport into the nucleus, and DNA
replication. Below, we compare in vitro assembled VLPs and native vi-
rions in terms of VLP assembly, DNA encapsidation, gene transfer, and
gene expression.
VLP assembly
It has been shown that DNA and viral factors, such as VP2/3, facil-
itate the assembly of SV40 and polyomavirus particles in vitro (Braun
et al., 1999; Kawano et al., 2006; Mukherjee et al., 2009; Tsukamoto et
al., 2007). The present study showed that DNA facilitates the assem-
bly of 45-nm VLPs from VP1 pentamers, regardless of the presence
of histones (Fig. 1B). DNA binds to the N-terminal region of VP1 by
electrostatic interactions (Li et al., 2001), while VP2/3 binds to a cav-
ity on the internal surface of VP1 pentamers via hydrophobic interac-
tions (Chen et al., 1998; Nakanishi et al., 2006). Both of these
interactions seem to induce structural changes in the C-terminal re-
gion of VP1. Thus, at least under particular in vitro conditions, VLP as-
sembly occurs in the absence of any host cell factors. On the other
hand, a previous study reported that Hsp70, a cellular chaperone,
also facilitates SV40 particle assembly in vitro by binding to the C-
terminal region of VP1 and promoting its folding into VLPs in an
ATP-dependent manner (Chromy et al., 2003). Since DNA, VP2/3,
and Hsp70 bind to different segments of VP1, these factors may affect
the formation of SV40 particles independently or cooperatively.
DNA encapsidation
This study showed that DNA encapsidation into viral particles is
tightly regulated by nucleosome formation. Whereas the packaging
limit of naked DNA is 2 kb, the packaging limit of nucleosomal DNA
is 5 kb, suggesting that histone-induced DNA compaction enables
proper DNA packaging (Figs. 1C and F). On the other hand, VP2/3
appeared to slightly decrease the amount of DNA packaged into
VLPs (Fig. 4C). Since VP2/3 is associated with the interior surface of
the virion (Barouch and Harrison, 1994; Gharakhanian et al., 1988),
the interior space of VP1/2/3-VLPs is smaller than that of VP1-VLPs,
which may be the basis for the slightly shorter length of circular
DNA that can be packaged in VP1/2/3-VLPs. This hypothesis, however,
poses another issue. As native SV40 virions containing VP2/3 properly
package the viral genome of 5.2 kb, there appears to be a slight differ-
ence in DNA packaging capacity between the VP1/2/3 particles
formed in vitro and in vivo. This difference may be due to the differ-
ence in how nucleosomal DNA is formed. The nucleosome spacing
of chromatin organized in vitro by the salt dialysis method is slightly
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which may have a subtle negative impact on the compactness of the
minichromosome and hence on the DNA packaging capacity of VLPs.
Gene transfer
Chromatin structure, hyper-acetylation of histones, and VP2/3 all
enhanced the activity of VLPs to introduce packaged DNA into cells,and all three in combination resulted in VLPs that could introduce
packaged DNA into cells comparably to native SV40 virions (Figs. 2C
and 4G). The reason that nucleosome formation enhances cellular up-
take is that naked DNA protruding from VLPs inhibits cell attachment
(Fig. 2C). Even after internalization, naked DNA may be more suscep-
tible to cellular nucleases than chromatin. As to VP2/3, the minor cap-
sid proteins also facilitate efﬁcient transportation of DNA into cells by
enhancing cell attachment of VLPs (Fig. 4G). This ﬁnding is consistent
Fig. 5. The endocytosis pathway of in vitro assembled VLPs is indistinguishable from
that of SV40 virions. VP1/2/3-VLPs assembled with chromatin containing hyper-
acetylated histones or wild-type SV40 virions were incubated with CV-1 cells as indi-
cated. Then, the cells were ﬁxed, and VP1, caveolin-1, EEA1, and GRP94 were visualized
by immunoﬂuorescence, followed by counterstaining with DAPI. VP1, red; DAPI, blue;
the other marker proteins, green.
7T. Enomoto et al. / Virology 420 (2011) 1–9with a previous report showing that, upon SV40 infection, VP2/3 is
necessary for efﬁcient entry of the viral genome into cells (Daniels
et al., 2006). VP2/3 may do so by affecting the structural properties
of VP1-VLPs. As to hyper-acetylation of histones, histones in SV40 vi-
rions and assembly intermediates are hyper-acetylated, whereas
those in SV40 minichromosomes that do not interact with the capsid
proteins are hypo-acetylated (Coca-Prados et al., 1980). Therefore,
hyper-acetylation of histones may affect the interaction between nu-
cleosomes and the capsid proteins, perhaps by neutralizing the posi-
tive charge on the histones, and may favor the formation of an
optimally organized virion structure.
Gene expression
Chromatin structure, hyper-acetylation of histones, and VP2/3 in-
creased gene expression generated by VLPs (Figs. 2B, 3D, and 4D).
Since each of these factors increased the cell attachment of VLPs
(Figs. 2C and 4G), facilitation of this step is a likely cause of the increasedFig. 4. The minor capsid proteins VP2/3 strongly enhance the gene transducing activity of in
puriﬁed from insect cells and were visualized by Coomassie blue staining (left panel) or imm
at the ratio of 1:5, were assembled with 4.7-kb chromatin containing hyper-acetylated his
assembled with naked DNA or the chromatin prepared in (B) were treated with or without D
by SYBR Gold staining. (D) Various types of in vitro assembled VLPs or SV40-luc virions were
activity was measured. Data represent the mean±SD (n=3). **, pb0.01; ***, pb0.005. (E)
transfection, and 24 h later, luciferase activity was measured. Data represent the mean±
acetylated histones or SV40-luc virions were incubated with COS-1 cells on coverslips at 1
immunoﬂuorescence with anti-luciferase antibody, followed by counterstaining with DAPI.
with COS-1 cells as indicated. Cells were then treated with trypsin where indicated and we
calculated from densitometric measurement, and relative efﬁciencies were expressed as arb
tin to 1. (H) VP1/2/3-VLPs containing hyper-acetylated chromatin or SV40-luc virions were ﬁ
washed out. The cells were either directly harvested for real-time PCR analysis or further ingene expression. Moreover, hyper-acetylation of histones may directly
affect transcription from packaged chromatin. Histones in certain
SV40 and polyomavirus mutants that are defective in cell transforma-
tion are hypo-acetylated (Schaffhausen and Benjamin, 1976). In addi-
tion, when SV40 minichromosomes containing either hypo- or hyper-
acetylated histones are transfected into cells, expression of T antigen
is induced only by minichromosomes containing hyper-acetylated his-
tones (Cohen et al., 1980), suggesting that hyper-acetylation of histones
may directly contribute to transcriptional activation from the viral
genome.
Nevertheless, the gene expression level achieved by VLPs was only
2% of that achieved by SV40 virions. Part of the difference can be
explained by an intrinsic difference between the plasmids packaged
into the particles. When DNA was introduced into cells as naked plas-
mids, pGL3-4.4 induced luciferase expression ﬁve times lower than
SV40-luc (Fig. 4E), suggesting an intrinsic difference in promoter activ-
ity. Moreover, the low DNA ampliﬁcation efﬁciency of VP1/2/3-VLPs is
another cause of the lower gene expression level (Fig. 4H). Sequence
difference between pGL3-4.4 and SV40-luc does not account for the dif-
ference, because these plasmids were ampliﬁed with the same efﬁcien-
cy in COS-1 cells when introduced as naked DNA (Fig. 4E). Instead,
difference in protein components, possibly the slightly lower content
of VP2/3 in VP1/2/3-VLPs (Fig. 4A) or possible functional difference of
histones or nucleosomes, seems to affect somepost-internalization pro-
cess, such as virion disassembly, nuclear translocation, andDNA replica-
tion. Coincidentally, it has been shown that VP2/3 is necessary not only
for efﬁcient entry of the viral genomebut also for its nuclear transporta-
tion (Daniels et al., 2006).
Perspectives
In this study, chromatin structure, hyper-acetylation of histones,
and VP2/3 were identiﬁed as factors contributing to efﬁcient gene
transduction of VLPs. In vitro, these factors allowed the assembly of
VLPs with a gene transfer efﬁciency that is close to that of SV40 vi-
rions assembled in vivo, although the gene expression efﬁciency of
the VLPs was still signiﬁcantly lower than that of SV40 virions. Thus,
our future aim is to reconstitute in vitro complete SV40 particles
that have gene transducing activity equivalent to that of SV40 virions
assembled in vivo. Nevertheless, having substantially improved the
gene transfer efﬁciency and identiﬁed three factors involved, this
study will contribute to better understanding of virus assembly and
infection and to the development of novel carriers for gene delivery.
Materials and methods
Plasmid construction and virus preparation
pUCSV40-lucwas constructed frompUCSV40 as described previous-
ly (Ishizu et al., 2001; Nakanishi et al., 2008). pUCSV40VP1-lucwas con-
structed by replacing the fragment encoding the T antigen gene of No-
pSV40 (Ishii et al., 1994) with the ﬁreﬂy luciferase gene as described
above and by deleting the VP2/3 gene. For the preparation of recombi-
nant viruses, pUCSV40, pUCSV40-luc, and pUCSV40VP1-luc werevitro assembled VP1-VLPs. (A) VP1 pentamers associated with either VP2 or VP3 were
unoblotting (right panels). (B) VP1 pentamers associated with VP2 or VP3 were mixed
tones, and were visualized by negative staining and TEM. Scale bar, 100 nm. (C) VLPs
Nase I. Puriﬁed DNAs were resolved by agarose gel electrophoresis and were visualized
incubated with COS-1 cells at 1×104 copies of DNA per cell for 24 h, and then luciferase
pGL3-4.4 and SV40-luc were introduced as naked plasmids into CV-1 or COS-1 cells by
SD (n=5). (F) VP1/2/3-VLPs assembled with 4.4-kb chromatin containing hyper-
×104 copies of DNA per cell for 72 h. Then, luciferase-positive cells were visualized by
(G) Various types of in vitro assembled VLPs or wild-type SV40 virions were incubated
re subjected to immunoblotting. Cell attachment and internalization efﬁciencies were
itrary units by setting the values of VP1/2/3-VLPs containing hyper-acetylated chroma-
rst incubated with CV-1 or COS-1 cells at 1×104 copies of DNA per cell for 4 h and then
cubated for 20 or 68 h prior to harvest. Data represent the mean±SD (n=3).
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produce recombinant SV40, SV40-luc, and SV40VP1-luc, respectively
(Nakanishi et al., 2007). A 4.4-kb plasmid carrying the luciferase gene
(pGL3-4.4) was constructed from pGL3-control vector (Promega),
which was digested with BglII and SspI, ﬁlled in, and then ligated. This
plasmid contains origin, early promoter, poly(A) signal, and enhancer
sequence from SV40. pDsRed2-C1 (Clontech), pSEAP2-Control (Clon-
tech), pGL3-Control, pUCSV40VP1-luc, and pUCSV40-luc were used as
4.7-, 5.1-, 5.2-, 6.7-, and 7.7-kb circular DNAs, respectively.
Chromatin reconstitution
HeLa cells were cultured for 6 h with or without 100 ng/ml tri-
chostatin A (TSA). Histones were extracted from the cells and were
puriﬁed using Histone Puriﬁcation Kit (Active Motif). Equal weights
of puriﬁed DNA and histones were mixed in a buffer containing 2 M
NaCl, 20 mM Tris–HCl (pH 7.2), 0.2 mM EDTA, and 1 mM β-
mercaptoethanol and were sequentially dialyzed against buffers
containing 800, 150, and 0 mM NaCl for 1.5 h each time using a
mini-dialysis unit with a molecular weight cut off of 3500 Da (Ther-
mo Science) (Stein, 1989). Aliquots of the dialysates were digested
with micrococcal nuclease (MNase) (Sigma), followed by treatment
with 100 ng/μl proteinase K in the presence of 0.5% SDS and 20 mM
EDTA for 1 h at 55 °C. After phenol/chloroform extraction, puriﬁed
DNA was resolved by 1.3% agarose gel electrophoresis and was
stained with SYBR Gold (Invitrogen).
Preparation of VP1 pentamers
Construction of the SV40 VP1-expressing baculovirus and its ex-
pression in Spodoptera frugiperuda Sf9 cells have been described
(Kosukegawa et al., 1996). Recombinant VP1-VLPs formed in Sf9
cells were puriﬁed in two successive fractionations by cesium chlo-
ride density gradient centrifugation. The puriﬁed VLPs were dissociat-
ed into pentamers by incubation in a buffer containing 20 mM Tris–
HCl (pH 7.9), 150 mM NaCl, 0.1% CHAPS, 5 mM EGTA, and 5 mM
dithiothreitol at room temperature for 1 h, and the pentamers were
further puriﬁed by Superdex 200 chromatography (GE Healthcare).
VP1 pentamers associated with VP2 or VP3 were puriﬁed from Sf9
cells co-infected with baculoviruses expressing VP1 and VP2 or VP3.
DNA-induced assembly of VLPs in vitro
VP1 pentamers (0.44 μM) were dialyzed with or without 3.1-nM
naked or nucleosomal DNA against 0.15 M NaCl, 2 mM CaCl2, and
20 mM Tris–HCl (pH 7.2) for 16 h at room temperature using a mini-
dialysis unit. For electron-microscopic observation, sampleswere nega-
tively stained with uranium acetate and were observed using a trans-
mission electron microscope as described (Ishizu et al., 2001). For
analysis of DNase I-resistant DNA, the in vitro assembled VLPs were
treated with 1 unit of DNase I (Worthington) in the presence of 2 mM
MgCl2 for 30 min at 37 °C, followed by proteinase K treatment and phe-
nol/chloroform extraction. Puriﬁed DNA was resolved by 0.7% agarose
gel electrophoresis and was visualized by SYBR Gold staining.
Sucrose gradient sedimentation analysis of VLPs
The VLPs assembled with naked or nucleosomal DNA (pDsRed2-
C1) were treated with or without DNase I as described above. Then,
sucrose gradient sedimentation analysis was performed as described
previously (Tsukamoto et al., 2007). Brieﬂy, 20 μl of the samples
were loaded onto 600 μl of a 20% to 40% sucrose gradient in 20 mM
Tris–HCl (pH 7.9) in a 5×41-mm open-top tube and were centrifuged
at 232,000×g for 1 h at 4 °C in an SW55Ti rotor. After centrifugation,
fractions (55 μl each) were collected from the top of the tube and
were analyzed by 10% SDS-PAGE and immunoblotting with anti-SV40 VP1 polyclonal antibody. For detection of DNA, a 15-μl aliquot
of each fraction was treated with proteinase K, electrophoresed on
0.7% agarose gels, and transferred to nitrocellulose membranes. The
blots were incubated with a 32P-labeled DNA probe for pDsRed2-C1
and were autoradiographed.
Puriﬁcation of in vitro assembled VLPs and quantiﬁcation of packaged
DNA
A 500-μl aliquot of assembled particles was loaded onto 100 μl of
discontinuous 20% to 50% OptiPrep (Axis-Shield) in a 5×41-mm
open-top tube and was centrifuged at 232,000×g for 2 h at 4 °C in an
SW55Ti rotor. After centrifugation, VLPs concentrated at the OptiPrep
boundarywas collected and dialyzed against phosphate-buffered saline
containing 138 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM
KH2PO4. Following DNase I treatment, DNA was puriﬁed from the
VLPs and was quantiﬁed by real-time PCR using Quantitect SYBR
Green PCR kit (Qiagen) and the following primers: Luc Fw, 5′-cgaggtg-
gacatcacttacg-3′ and Luc Rv, 5′-aaaccgggaggtagatgaga-3′. Ampliﬁcation
conditions consisted of 95 °C for 15 min, followed by 40 cycles of 94 °C
for 15 s, 55 °C for 30 s, 72 °C for 30 s, and 78 °C for 30 s.
Quantitative immunoblot and PCR analyses showed that the ratio
of viral particles to DNA is approximately 4:1 for VLPs assembled in
vitro, 5:1 for SV40-luc virions, and 11:1 for wild-type SV40 virions,
suggesting that 75 to 91% of these particles were empty. The amount
of particles used in the following studies was normalized to the copy
number of DNA contained (for reporter gene assays) or to the amount
of the VP1 protein (for cell binding and entry assays).
Analyses of luciferase gene transduction
COS-1 or CV-1 cellswere incubatedwith SV40 virions or VLPs contain-
ing naked or nucleosomal DNA at the ratio of 1×104 DNA copies per cell
in serum-free DMEM for 2 h at 37 °C. Then, fetal bovine serum (FBS) was
added to a ﬁnal concentration of 10%. At 24 h post-infection, luciferase
assay was carried out according to the manufacturer's instructions (Pro-
mega). In Fig. 4E, naked plasmids were transfected into COS-1 or CV-1
using Lipofectamine 2000 (Invitrogen) as instructed by themanufacturer,
and transfectants were processed as above.
In Fig. 4H, viral particles were ﬁrst incubated with COS-1 or CV-1
cells for 4 h at 37 °C and then washed out. The cells were either di-
rectly harvested for real-time PCR analysis or further incubated for
20 or 68 h prior to harvest. Extrachromosomal DNA was prepared
by a modiﬁed Hirt procedure (Arad, 1998). Brieﬂy, trypsinized cells
were resuspended in 250 μl of 50 mM Tris–HCl (pH 7.5), 10 mM
EDTA, and 50 mg/ml RNase A and were lysed by the addition of
250 μl of 1.2% SDS. Cellular debris and chromosomal DNA were pre-
cipitated by the addition of 350 μl of 3 M cesium chloride, 1 M potas-
sium acetate, and 0.67 M acetic acid, and extrachromosomal DNAwas
puriﬁed from the supernatant with the QIAprep Miniprep column
(Qiagen) and was quantiﬁed by real-time PCR as described above. Im-
munoﬂuorescence microscopy was also performed at 72 h post-
infection. Brieﬂy, cells were ﬁxed with 1% paraformaldehyde and
were permeabilized with 0.2% Triton X-100. Luciferase expression
was visualized by using anti-luciferase polyclonal antibody G745A
(Promega) and Alexa Fluor-488-conjugated anti-goat IgG (Molecular
Probes), followed by counterstaining with 4′,6-diamidino-2-pheny-
lindole (DAPI). A thousand cells were counted for luciferase expres-
sion, and the percentages of luciferase-positive cells were calculated.
Cell binding and entry assay
COS-1 cells (2.6×105 cells) grown in a 12-well plate were incu-
bated with SV40 virions or in vitro assembled VLPs (3 μg of protein)
at 4 °C for 1 h in serum-free DMEM and then at 37 °C for 4 h in
DMEM containing 10% FBS. Then, cells were harvested for protein
9T. Enomoto et al. / Virology 420 (2011) 1–9analysis with or without prior treatment with 0.025% trypsin and
0.54 mM EDTA in phosphate-buffered saline at 37 °C for 5 min. Cell
lysates in SDS sample loading buffer were sonicated, analyzed by
10% SDS-PAGE, and immunoblotted with anti-VP1 and anti-actin an-
tibodies. Chemiluminescent signal was captured on ﬁlm and quanti-
ﬁed using the software NIH ImageJ software. Following subtraction
of background signal, the ratios of ‘trypsin (−)’ signal to ‘input’ signal
and of ‘trypsin (+)’ signal to ‘trypsin (−)’ signal were determined as
the efﬁciencies of cell attachment and internalization, respectively.
Entry pathway analysis
CV-1 cells (5×104 cells) grown on cover slips were incubated
with SV40 virions or in vitro assembled VLPs (1 μg of VP1) at 4 °C
for 2 h to synchronize virus attachment and then at 37 °C for 20 min
or 3 h to allow endocytosis. Confocal immunoﬂuorescence microsco-
py was performed as described (Kawano et al., 2009). VP1, caveolin-
1, endosomes, and the endoplasmic reticulum (ER) were visualized
by using anti-SV40 VP1 (courtesy of H. Kasamatsu), anti-caveolin-1
7 C8 (Santa Cruz Biotechnology), anti-EEA1 C-15 (Santa Cruz Biotech-
nology), and anti-GRP94 C-19 (Santa Cruz Biotechnology) antibodies,
respectively, and secondary antibodies conjugated with Alexa Fluor-
594 or −488 (Molecular Probes), followed by counterstaining with
4′,6-diamidino-2-phenylindole (DAPI).
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